Results on stress analysis for single-crystal diamonds are presented. Isolated crystals were studied by Raman mapping and depth profiling techniques, using confocal microscopy. Diamonds were deposited on molybdenum and tantalum by hot filament and microwave CVD methods at growth rates between 10 and 30 μm·h −1
Introduction
Diamond is one of the most promising semiconductor materials because of its outstanding mechanical, thermal and electrical properties [1, 2] . Chemical vapor deposition (CVD) growth of diamond films has progressed in the last decade [3] . In order to enhance its quality, there still remains the need to reduce boundary defects and improve the intrinsic quality of the individual crystals, as it is required to decrease the production of stress around impurities and grain interfaces.
Substrate curvature, X-ray diffraction and Raman spectroscopy have been used to evaluate the internal stress of CVD and natural diamond [4] [5] [6] [7] [8] . In such materials, there can be high concentrations of defects, producing a change in the material density which corresponds to a variation in the average interatomic distance, affecting the phonons energy and the Raman band position. A shift and splitting of the diamond peak have been reported and associated with anisotropic stress [7, 9] . However, few studies have been reported for internal stress of single crystal diamonds [10] [11] [12] . A better knowledge of the stress layout in these crystals can lead to a clearer identification of the causes of stress within continuous films.
Raman spectra are the fingerprint of carbon based materials; they allow to obtain a wide range of information about crystalline structure, atomic interactions, internal stresses, etc. Using spatially resolved Raman techniques, such as mapping or depth-profiling, the distribution of the stresses across a sample can be characterized. Confocal micro-Raman spectroscopy allows the selective acquisition of the light scattered from the focal plane, rejecting what is coming from out-of-focus areas. However, due to the mismatch in refractive index between air and the studied material, depth scale is artificially compressed and depth resolution can be worsened by orders of magnitude compared with the diffraction-limited values, about 2 μm for most of the commercial instruments [13, 14] . Neglecting these effects could lead to misinterpretations of the results. Several solutions have been proposed to work out this problem, including the use of immersion objectives to reduce the refractive index mismatch and numerical corrections of the data collected by dry objectives [15, 16] . However, carefully considering this effect, confocal micro-Raman spectroscopy has been used to estimate shapes and sizes of distributed particles in heterogeneous systems [17] .
In this paper, we consider the influence of refractive effect in confocal micro-Raman spectroscopy to estimate local stress at different points along diamond crystals by combining the depth-profiling and x-y mapping techniques.
Experimental
Diamond crystals were deposited on polished molybdenum and tantalum substrates. A modified hot filament and microwave chemical vapor deposition (HFCVD and MPCVD) methods were used.
For the HFCVD method, the deposition was carried out in a stainless steel chamber. After loading the samples, the chamber was evacuated to a pressure of 10
mbar. During the process, methane and hydrogen were injected at a ratio of 0.002 CH 4 :H 2 from two different nozzles, with a total gas flow of 500 sccm, up to a pressure of 20 mbar. A 0.8 mm diameter hot tungsten filament (6 V, 40 A), which acts as a cathode, was used as an electron emitter, and it was placed at 2.5 cm from the sample holder. About 200 V were initially applied between the filament and the sample holder in order to start the plasma. Afterwards, the voltage dropped to 150 V so the current densities on the sample holder were in the range of 0.3 to 0.5 A·cm . Under these conditions temperature on the substrate was about 800˚C -1000˚C: no extra heating system was required. The plasma discharge area was about 6 cm 2 on the sample holder [18] . For the MPCVD method a stainless steel chamber was also used. The chamber was evacuated to an initial pressure of 10 −6 mbar and then methane and hydrogen were injected at a 0.1 CH 4 :H 2 ratio, with a total gas flow of 200 sccm (deposition pressure 60 mbar). An 850 W magnetron mounted on a wave guide was used as microwave generator. Under these conditions, temperature on the substrate was around 1200˚C.
Raman spectra were recorded using a LabRAM HR Raman system (Horiba Jobin Yvon), equipped with a confocal microscope and a charge coupled device detector (CCD). An 1800 g/mm grating and 100 μm hole results in a 2 cm −1 spectral resolution. The 514.5 nm line of an Ar + laser is used as excitation source. A motorized x-y-z stage allows positioning the sample within 0.1 μm accuracy. A 100X objective lens was used, generating a 1.5 μm spot and a depth of focus of 4 μm was measured on a silicon wafer [13] . The laser power density over the sample was close to 4 W·mm −2 . Isolated crystals from several samples were characterized by Raman spectroscopy. Mappings were measured by defining a 3D grid, with 2 μm steps on planes parallel to the surface (xy) and 1 μm steps between planes. Four Raman spectra were averaged for each grid point with acquisition time between 30 and 900 s; measurements from deeper planes required longer times because spectra intensity decreases due to refraction effect on the collection aperture of the confocal system [14] .
Raman spectra were acquired from as-deposited diamond crystals; then they were detached from the substrate using a double-sided adhesive tape in order to measure Raman spectra over upturned crystals. For some crystals presenting an excellent adherence to molybdenum substrates, a pretreatment was required: the sample was immersed in nitric acid, rising its temperature above 100˚C, to corrode the material before using the adhesive tape.
Dynamical Calculations
With the aim of studying Raman diamond frequency behavior as a result of isotropic and anisotropic pressures, calculations were performed using classical lattice dynamics with a semi-empirical potential of the form proposed by Tersoff [19] and the modifications introduced in ref [20] .
In order to test the proposed potential, the calculated frequencies for isotropic pressures were compared with experimental results [21] . In this case, the optical frequency preserves the threefold degeneracy. This frequency and the packing atomic energy has been calcu- , where a 0 is the equilibrium cell parameter. An excellent agreement with experimental results was obtained for Raman frequency vs Volume per atom (Figure 1(a) ). The corresponding pressure P for each compression-expansion has been calculated fitting the resulting energy vs volume curve with a quadratic polynomial; a good agreement with experimental results is obtained for pressure vs Raman frequency curve (Figure 1(b) ) in the range 0 -5 GPa [21] . Equation (1) 
In the case of anisotropic pressures, two deformations have been considered: tetragonal (associated to a pressure along the [001]) and rhombohedral (associated to a pressure along [111]). In both cases the threefold degenerated diamond band is split in two frequencies corresponding to a longitudinal mode and a twofold degenerated transversal mode.
For the tetragonal deformation the a parameter of the cubic unit cell has been modified in the range 0 0.95 to 1.05 a a  . For each a value, the other parameters were relaxed, with the constraint b = c, until an energy minimum was reached. In this way, an energy vs volume curve was obtained and pressure, as described for the isotropic case, was calculated. The corresponding frequencies for each structure were calculated as shown in Figure 1(c) . It can be seen that the transversal mode remains practically unchanged, whereas the longitudinal one has strong pressure dependence. For the rhombohedral deformation, a primitive cell (a = b = c, a = β = γ = 60˚) was considered and the rhombohedral angle (α = β = γ) was modified in the range 59˚ to 61˚. For each angle value, the cell parameters were relaxed with the constraint a = b = c until an energy minimum was reached. The resulting frequencies for each structure were calculated and they show a pressure dependence similar to that described for the tetragonal case: the longitudinal mode shifts more than the transversal one.
Experimental Results and Discussion
Diamond crystals were grown on Mo and Ta with both methods; the growth rate was higher for MPCVD (30 μm·h ), under similar conditions. Isolated crystals with square and triangular facets, (001) and (111) orientation respectively, were deposited. Figure 2 (a) shows a (001) crystal as observed under the confocal microscope coupled to the Raman spectrometer. Raman spectra on (001) surfaces showed the characteristic diamond band around 1333 cm −1 (Figure 2(b) ) and a special behavior of the spectra was found for measurements at most crystals center, with the appearance of an additional peak at 1340 cm −1 , but we will deal with it later. Raman spectra on (111) growth surfaces presented results very similar to those by Prawer et al. [10] [11] [12] .
Mappings over xy (001) planes at the surface and at 1, 2, 3 and 5 μm of nominal depth within 10 to 40 μm size isolated crystals were made. As stated before, the depth scale (z) is artificially compressed due to the refraction at the air/sample interface. A nominal depth (z position from sample surface) was used to label the z planes; however, the focus depth was calculated through Everall's model [13] , indicating the focus region in which the sample was analyzed. According to this model, the mappings within the crystals correspond to the depth ranges presented in Table 1 . Figures 3 and 4 show mappings for the whole crystals, from side to side. Over the surface, Raman peak positions between 1331.5 and 1334 cm −1 were found and correlated with stress values between −0.41 and 1.29 GPa using Equation (1) as shown in Figure 3 .
On each xy surface, it is readily noted that higher values are located toward the center; on the other hand, Raman peak position increases together with the nominal depth, reaching 1336 cm −1 at 3 μm. To achieve a clearer view of depth dependence, a mapping on an xz plane over a line which crosses the crystal center was performed. It can be observed as before, that Raman peak positions and pressure are higher toward the crystal base center (Figure 4) .
Raman peak splitting or shift toward higher values is generally associated with the presence of compressive stress in the material, where splitting indicates the anisotropic kind [7, 9] . In the present study, the central area of the crystal surface is found to be more stressed than the edges, and stress increases toward the deepest point at the middle of the crystal. It also can be noted from This suggests that the crystal is tightly bonded to the substrate only at the base central region, causing a high stress zone. Furthermore, it was observed that Raman peaks width also changes across the crystals. FHMW values between 3 and 5 cm −1 were measured on the surface, reaching the higher values toward its center. On the other hand, width increases together with the nominal depth. This peak broadening could be attributed to the presence of anisotropic stress; however it must be considered that resolution decays measuring below the surface: the spectrum collects the contribution from several points at several depths with different levels of stress.
Moreover, Raman spectra from a small volume (~3 × 3 μm 2 , from the base up to the surface) at the center of most crystals presented a different behavior (mostly on crystals grown over molybdenum). In addition to the peak previously analyzed, a second one at 1340 cm −1 is observed. Depth profiling was made in this region, measuring at 1, 2, 2.5, 3, 4 and 5 μm of nominal depth (Figure 5(a) ). At the surface, the intensity relation between these two peaks is about 3.7 and it falls to 0.5 at 4 μm of nominal depth.
A possible explanation for this band could be the presence of anisotropic stress along the crystal; however, if this was the case, an inversion of the intensity relation should not occur. On the other hand, if the anisotropic stress grows toward the crystal base, the distance between peaks should gradually increase. Moreover, according to our numerical results, the highest peak should move while the lower one should maintain its position (Figure 1(c) ).
Another hypothesis is that the 1340 cm −1 band origin is a highly stressed zone located around the crystal base center. This explains the variation in the intensity relation: when measuring near the surface, the 1340 cm −1 signal comes from the focal region edge and its intensity is lower than that of the other peak. Going down, the depth of focus increases and the zone of maximum intensity of the focal region approaches the crystal base. Then, the 1340 cm −1 peak intensifies respect to the lower frequency signal. Still, the question about the stress nature (anisotropic or not) of this localized zone cannot be answered by just studying these spectra.
To answer this question, some crystals were removed from the substrate and analyzed upside down; in this position, the surface corresponds to the base of the asgrown crystal. Figure 5(b) shows a depth profiling up to 5 μm of nominal depth: a single band is observed at 1340 cm −1 at the as-grown crystal base and it shifts to lower wavenumbers going to the as-grown crystal surface. This points out that stress is not released in the detached crystals and remains around 2.6 GPa, according to our dynamical calculations (Figure 1(a) ). Furthermore, no splitting was observed.
On the other hand, on crystals easily removed from Mo substrates (without nitric acid immersion), only one band around 1335 cm −1 was observed. This seems to indicate that less adhered crystals, which were easily removed and didn't present the 1340 cm −1 band, are less stressed.
From the presented results and, according to Everall's model, the splitting observed in the spectra of the asgrown crystals would be the result of dispersed light coming from different depths and not of anisotropic stress. Tens of different size crystals grown over molybdenum and tantalum by both hot filament and microwave CVD methods were studied. Similar results were obtained for all the samples.
Conclusion
Isolated diamond crystals of about 20 μm size were deposited and studied. The diamond Raman frequency increases towards the crystal-substrate interface center, indicating a raising in stress, as expected. At the very center of the crystal base, a special behavior was observed: an additional peak at 1340 cm −1 appeared in the best adhered crystals. Through the study of relative intensities between Raman bands as measuring deeper into the crystal and by the analysis of spectra taken from the base of the removed crystals, we concluded that stress present in our diamonds is mostly isotropic. These results were obtained for both HFCVD and MPCVD methods, for several studied isolated crystals deposited over Mo and Ta substrates despite the very different growth rates achieved for both methods (5 and 30 μm·h −1 respectively) and different crystal sizes. As has been shown, refractive effects in confocal Raman spectra could mislead the interpretations. The two peaks observed in our samples were not a splitting originated by anisotropic stress, but the sum of signals coming from different crystal zones.
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